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???? (HNO3)?????? (NH3)???????????????? (NH4NO3)?
???????????????NH4NO3????????????????????
????????????? [1–4, 7, 8]?NH4NO3?????NH+4 ??NO−3 ?????
?????????????????? [9–16]?NH4NO3??? (255? 305K)?? IV?
?????? (? 2.1) [9]????????????NH4NO3? IV??????????
? 2.1: NH4NO3???? IV?????.










































































x2 + · · · . (2.4)










































































??????? i??????? ri????A???????RA????riA = |ri−RA|?
rij = |ri − rj|?RAB = |RA −RB|????? 1?????????????? 2???
?-??????? 3????-???????? 4???-?????????? 4???
?????????????????????????? 4????? 1???? 3??





























??Hartree?????????????1 hartree = 27.2116 eV = 2625.5 kJ/mol????
????????????????????????????? ψi,σ(x)?????
σ(σ = α, β)???????? ui,σ(r)?????? χσ(ξ)??????????????










ψ1,α(x1) ψ2,β(x1) . . . ψN−1,α(x1) ψN,β(x1)














χ∗σ(ξ)χσ′(ξ)dξ = δijδσσ′ , (2.10)













































????????????? χσ(ξ)??????????????δσσ′ = 1?????
?????????????? (2.14)?? δσσ′??????????? (2.12)?? (2.7)
?????? 1?????????????? 2????-??????? 3?? 2???
?????????? (2.13)??????? Jiσ,jσ′ ?????????????????
? (2.14)?????Kiσ,jσ′?? (2.9)???????????????????????
??????????
? (2.12)??????????????????EHF ??????????? ui,σ(r)
?????????????????????????? ui,σ(r)???? EHF ????
????? ui,σ(r)?????? EHF ?????????EHF ?????? ui,σ(r)??
16 ? 2? ???????????????
??????????? Lagrange????????????????????????
(????????????????)?Lagrange?????????????????
(2.10)??????? i,σ???????? F ??????


















































(DFT: Density Functional Theory)????DFT????????????????
??????????????????????????????? T???????
???????? VeN??????????? Vee????????Hohenberg?Kohn










????? v(r)? 1? 1???????? (? 1??)?????ρ(r)?????????
?????????????????????? (? 2??)??????? [25]?
T ?? Vee? ρ(r)??????????????????? E??????????
???











































′ = J [ρ]. (2.21)











































∫ ∫ ρσ(r)ρσX(r, r′)
|r− r′| drdr
′ = EX [ρ]. (2.23)
? (2.20)?(2.21)?(2.23)?? (2.12)???????????EHF ? ρ(r)??????
??????????




vA(r)ρ(r)dr+ J [ρ] + EX [ρ]. (2.24)
???????E[ρ]?EHF [ρ]????????????EC ????????Kohn
? Sham?????????EKS????????????










vA(r)ρ(r)dr+ J [ρ] + EXC [ρ], (2.25)
????????????EXC [ρ] = EX [ρ] + EC [ρ]????
18 ? 2? ???????????????
HF??????? (2.25)?? Lagrange??????????????? ui,σ(r)??
????????????????????∑ij∑σσ′ ij(∫ u∗i,σ(r)uj,σ′(r)dr − δijδσσ′) =∑
i,σ ii(
∫
u∗i,σ(r)ui,σ(r)dr− 1)?????ii = i????????????? F ????
????????










? (2.26)??????? F ??? δF [ρ]? 0??????????????











































































? (2.28)? 2?????????????????????????????? (2.17)






















































? (2.28)? 3?????????????? δJ [ρ]???????????







































? (2.28)? 4?????????????? δEXC [ρ]???????????







































































































































dr = 0. (2.34)
20 ? 2? ???????????????























































































































ui,σ(r) = iui,σ(r). (2.39)
? (2.39)? Kohn-Sham???????????????????????????









??? EXC ????????????? [28]?Kohn? Sham???????????
???????????????? (LSDA: Local Spin Density Approximation)???
EXC???????? [29]????????????????????????????
2.2. ???????????????????? 21

















3??Gauss???????? 1?????????? 2??????????? [32]?
???? (d,p)???????????????????????? d????H???
p??????????? [33]?????++???????????? s?? p???
???????????????????????? [34]??????????????
?????????????????????????????HB?????????
22 ? 2? ???????????????
? 2.3: NH3??HNO3????????????????.








???? dr????????? |ui,σ(r)|2dr????|ui,σ(r)|2????????? r??


























































????????????Pµν = CµiCiν????P?????????Sνµ =
∫
φ∗ν(r)φµ(r)dr



























??????????? (Highest occupied molecular orbital: HOMO)????????
?????? (????)????????????????????????? (Lowest




???????? 1??????NH3? 2pz?? (a1)?HNO3??HOMO??????




?? (1A˚??)??????????????O−H· · ·N??? (? 2.4)?HNO3? H?
??NH3?N??????HB??????????????????????????
HB??????????????????????
















26 ? 2? ???????????????
? 2.7: (a) [NH+4 ][NO−3 ]??? [NH3][HNO3]???????????. (b)O−H?? d1
???????NH3?NH4?HNO3??NO3?????.
2.3. ???: NH4NO3 27
????Enuc−nuc????????Eele?????????????





? (2.44)???????????????????[NH3][HNO3]?????? [NH+4 ][NO−3 ]
???????????????? (?2.7(a))??????[NH3][HNO3]??? [NH+4 ][NO−3 ]
????????????????????????????????????????
?????? [NH+4 ][NO−3 ]?????????????????? [NH3][HNO3]????







????O−H??d1??[NH3][HNO3]????? 1.03A˚????[NH+4 ][NO−3 ]?????
1.62A˚????????H????? qH??(1.62−d1)/0.59 : (d1 − 1.03)/0.59 =qH′ :qH′′
????????[NH3][HNO3]?????? 0.01???????[NH4][NO3]?????
?? 0.74??????????????????[NH+4 ][NO−3 ]????????????
????????????????????PT??????????????????
????????????????????????????????????
PT????????????????? NH+4 ???? [NH+4 ][NO−3 ]???????













?????????????PT??? [NH+4 ][NO−3 ]???????????[NH+4 ][NO−3 ]
??????[NH3][HNO3]??????? 26 kJ/mol??????
?????? 2?? [NH+4 ][NO−3 ]??? [NH3][HNO3]???????????????
???????? (2.44)?????????????? (??????????????
???)???????? (? 2.9)?[NH+4 ][NO−3 ]??????????????????
?????????????????????????????????????PT?
2.4. ???: (NH4NO3)2 29



































?????pα? pβ???? rαβ????????? 2????????????????
? (2.46)?????-????????????????????[NH+4 ][NO−3 ]?????
Ed−d??[NH3][HNO3]??????? 18?????????????? (? 2.10)?
??????????????? PT??????????????????????
?????????????−?????????????????????????
?????????????????? [NH3][HNO3]???????? (? 2.4)????
?????? PT??????−????????????????????????
???







3 ]?????? [NH3][HNO3]????????????? 26 kJ/mol???
? (? 2.8)????[NH+4 ][NO−3 ]?????? [NH3][HNO3]?????Ed−d??????









Eint??[NH+4 ][NO−3 ]????−206 kJ/mol????[NH3][HNO3]????−47 kJ/mol














???? PT??????????? (? 2.12)?
???????????????????????????????????????






????????? [37, 38]?PT?????O−H· · ·N(O−H?? d1?N· · ·H?? d2)?
??? d1 >d2????????????????? 4.8 V/nm?????? d1 >d2??
?????????????????????? PT?????????????
????2.4.2??? 2.10???????????????????????????
????????[NH3][HNO3]???? 2.2 V/nm?[NH+4 ][NO−3 ]??? 8.9 V/nm???








???PT??? [NH+4 ][NO−3 ]?????????PT????? [HNO3][NH3]???
34 ? 2? ???????????????
? 2.14: ??? (????????)???????????????????????
??????.
?????????????????????????????????????PT?

























• ???????????PT???? [NH3][HNO3]????????? PT???
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? 3.1: PNR??.???????D??? L??????.??????????.
42 ? 3? ??????????????
? 3.2: (a)??? 6G-PNR??????????????????.(b)??????PNR
?????? (D-)Ser?????.
?????X ? H· · ·Y?????HB???????????????????????
?????????????????????????H????????????O











































?????? [32, 36, 37]??????????????????????? (LMOEDA:
Localized Molecular Orbital Energy Decomposition Analysis)????????????









Eint = E(HG)− {E(H) + E(G)}. (3.1)
44 ? 3? ??????????????
? 3.3: ??????? (Ecoh)???????? (Edef )??????????????
(Eint)???.
???? LMOEDA??????????−??????????????????
???????? Ees???????????? Eex???????????? Erp??
??????????Epl????????????Eds??????
Eint = Ees + Eex + Erp + Epl + Eds, (3.2)
??????????????????? Su?? Li??????? [38]?
???? (2.25)???Kohn? Sham?????????????????? ρ???
??????????????????????????EN??????????EKS
????????????




vA(r)ρ(r)dr+ J [ρ] + EX [ρ] + EC [ρ] + E
N , (3.3)




















































































〈ij|ij〉+ EX [ραA, ρβA] + EC [ραA, ρβA] + EN , (3.6)
















































































































































































































































































































































48 ? 3? ??????????????
Eint = Ecoh − Edef . (3.18)
???????????Ecoh????????????Edef ??? Slater?????
????????????????
Ecoh = E[Ψ(HG)]− {E[Ψ(H0)] + E[Ψ(G0)]}, (3.19)
Edef = {E[Ψ(H)] + E[Ψ(G)]} − {E[Ψ(H0)] + E[Ψ(G0)]}. (3.20)
????????????????Eint??????????
Eint = E[Ψ(HG)]− {E[Ψ(H)] + E[Ψ(G)]}. (3.21)
K-M??????????????????? es????????H??G???
? Slater?????? (??Hartree?)???????????? [36]?
es = E[Ψ(H) ·Ψ(G)]− {E[Ψ(H)] + E[Ψ(G)]}, (3.22)
?????????????? (? (3.8))????? [38]?K-M???????????
??????????????????????????????????? ex-rp??
??? [36]?




ex-rp = E[A{Ψ(H) ·Ψ(G)}]− E[Ψ(H) ·Ψ(G)], (3.23)
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??O????????? 3A˚?????????????????? (? 3.3.1) [16,17]?
?????? 18C6H4? 2???????? (B?D)??Nagata??Moreno????
???????????????????????????HB???????????
?? “????”??????? [14–17,19]?????18C6H4????????????
50 ? 3? ??????????????








?? (? 3.4)?PNR??????? 3A˚???????????????????? 3A˚
?????PNR????6?????? (Gly, G)???????? 6G-PNR?????
(? 3.5(a))?6G-PNR??????HB??? Bound Type (B??)??HB?????
Extended Type (E??)???????B??????????? E????????
?? (? 3.5(b))?????B??????HB??????????????B????
E???????? (Conformer)?????????????????????????








?????????? [42]????? 7???????????? pH????????
?????? ·?????????????????????????????????
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??????????? 3.6(b)?????1?? D-Asn? 1?? L-Asn??? 6G-PNR?
2??Gly??????????D-Asn????????????????L-Asn???





?????????? 2???????? PNR(4G2(D-)N-PNR)????? (? 3.6(c))?
? 3.5? 6G-PNR?????4G2(D-)N-PNR??????? B???? E?????
???????PNR???????Asn???????????????? (axial?ax)




? Eeq? 4?? 4G2(D-)N-PNR?????????????????????????












???????????? (? 3.8)????PNR???? D-Ser????? D-Ser/4G2N-
PNR???????????????????????????????? 86 kJ/mol
????????
? 3.8?????? D-Ser????????? “??”???????????????
???? “????”??????? PNR????????????????
???????????????????? 4G2(D-)N-PNR????????????









54 ? 3? ??????????????
? 3.1: Desiraju? Steiner?????????? (X−H· · ·Y????)
Very strong Strong Weak
H· · ·Y d (A˚) 1.2∼1.5 1.5∼2.2 2.0∼3.0











HB??? d??Van der Waals?????? d <2.72(A˚)??? [45]?HB??? θ???






???? (Type I)??????? (Type II)??? (Type III)? 3??????????
????????HB????????? d????? θ???? (? 3.9?)??????
Type I?? II?HB (D1, D2, D3, D5, D6)??1.86 ∼ 1.88 A˚????? 145 ∼ 170 ◦?
???????? 3.1?? “Strong”??????????????HB????????
??Type III?HB (D4)??2.2 A˚????? 130 ◦????????? 3.1?? “Strong”
?? “Weak”????????????HB????????????????????
????O????????????H?????????????????????
?????? (−NH+3 )???????? (−COO−)????????????????
??????????Type I?? II?HB?Type III???????????????
???????????????
? 3.2: D-Ser/4G2(D-)N-PNR?????????????
Type HB?? X−H· · ·Y???? ??????
??? (?)· · ·??? (?)
Type I D1, D2, D3 O· · ·H−N ???????
Type II D5, D6 N−H· · ·O ??????
Type III D4 N−H· · ·O ????????
???????HB????????????? (? 3.2)?Type I???HB????
?O??????PNR???????H?????????????????????
????Type II?? III???HB?????O?????????????H???








56 ? 3? ??????????????
? 3.10: (a) D-Ser/4G2(D-)N-PNR???????????????????Eint???































???????? 3.9?????????????????????N−H· · ·O????
??O????H???????????????????????????????
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?????????? [4–8]???? 18C6H4????? (D?????L?)??????









































?????????? [1]?? 4.1???????pH< 2.35?????????????
4.3. ??? PNR??????Ala????????? 65
? 4.1: ??? pH????Ala???????????.
?????? (−COOH)??????????????????????? (−NH+3 )??
????Ala?+1??????????pH=2.35 ∼ 9.87??????????????




?????? 4G2(D-)N-PNR????????? Ala?????? (D-?? L-)???
?????????????????????????????????? (? 4.2(a))?













?? 2???????????? 2??HB????? (D6??D7?L6?? L7)???
2??HB??????????????O????????????????????
66 ? 4? ??????????????
? 4.2: (a) ?????Ala/4G2(D-)N-PNR????????????????. (b) HB
????????.
?H??????????????????????? (−NH+3 )??????????



























?????? ·?? ??????????? (hartree)
D??? L??? D−L
−NH+3 -0.1556 -0.1537 -0.0019
−COOH -0.0633 -0.0630 -0.0003
−CH3 (??) -0.0025 -0.0038 0.0013
Cα−H -0.0291 -0.0252 -0.0039
Cα 0.0148 0.0143 0.0005
?? -0.2357 -0.2314 -0.0043
68 ? 4? ??????????????

















??HB?????? (? 4.4)??????????????????? (−COO−)??1
??O??????????????? 2??????H??? 2??HB?????
(D4??D5?L4?? L5)?????????H??????????????????
??????? (−NH+3 )?????????????????? 3?? HB?????
(D1∼D3?L1∼L3)???HB???????O??????????????????





?????? ·?? ??????????? (hartree)
D??? L??? D−L
−NH+3 -0.0987 -0.0975 -0.0012
−COO− -0.0298 -0.0305 0.0007
−CH3 (??) 0.0008 -0.0011 0.0019
Cα−H -0.0089 -0.0068 -0.0021
Cα 0.0046 0.0048 -0.0002
?? -0.1320 -0.1311 -0.0009
?????????? Ala????????Ala?????????????? H??
(Cα−H)???? (−CH3)?HB?????????
D?? L??????????????????? 2.2 kJ/mol??????????









70 ? 4? ??????????????






D????? 5??HB??????L????? 5??HB?????? (? 4.6)???
???????????????? (−COO−)???????????????????
H??? 2??HB????? (D1??D2?L1?? L2)?????????H????
?????????????????? (−NH2)??????????????????
???? 3??HB????? (D3∼D5?? L3∼L5)???HB???????O???
???????????????H???????????N???????????
?????????
D?? L??????????????????? 2.2 kJ/mol??????????














?????? ·?? ??????????? (hartree)
D??? L??? D−L
−NH2 -0.0169 -0.0151 -0.0018
−COO− -0.0742 -0.0691 -0.0051
−CH3 (??) -0.0011 -0.0001 -0.001
Cα−H 0.0046 0.0014 0.0032
Cα -0.0021 -0.0014 -0.0007







? (2.2 kJ/mol)?????????pH????? PNR???Ala?????????
????????????????????????????? (????)?????
??CE??????????????
72 ? 4? ??????????????







?????????????????????? (−NH+3 )?????? Ser?+1???
???????pH=2.19 ∼ 9.21???????????? (−COO−)????????





???? (? 4.9(a))???? 2????????????????????????HB
????? (? 4.9(b))?????? Ser? PNR? D????? 6?? HB??????







4.4. ??? PNR?????? Ser????????? 73











???????? (? 4.10?)???????? L?????????????????
????????????????????????????????????????
????????????????? (? 4.4)???????????????????
???????????????????????? (Mulliken??? D?? L???
??+0.71)?????????????????????????????−????
?HB??????????????????? (? 4.9(b))?????? Ala/4G2(D-)N-
PNR????????HB??????Cα−H??????????????????
???D?? L??????????? (? 4.1)??????HB??????Cα−H?
??????????D?? L?????????????????????????
?????????
74 ? 4? ??????????????
? 4.10: ????? Ser/4G2(D-)N-PNR?????????????????????
????????????.
? 4.4: ????? Ser/4G2(D-)N-PNR??????????−???????????
??????. ????????????????????????????????
??.
?????? ·?? ??????????? (hartree)
D??? L??? D−L
−NH+3 -0.1175 -0.1311 0.0136
−COOH -0.0151 -0.0081 -0.0070
−CH2−OH (??) -0.0180 -0.0113 -0.0067
Cα−H -0.0122 -0.0296 0.0174
Cα 0.0074 0.0147 -0.0073
?? -0.1553 -0.1654 0.0101
4.4. ??? PNR?????? Ser????????? 75









??D??????????????? 3? (L1∼L3)?? 2? (L4??L5)?HB???
???????L?????????????HB????????????HB???
??????
??????????? (? 4.11?)?D???? L?????? 8.9 kJ/mol????
????????4G2(D-)N-PNR??? Ser????????????????????
??????????????? (? 4.12?)????????????????????







????? (? 4.11(b))?????D?????? (−CH2−OH)???????????





?????? ·?? ??????????? (hartree)
D??? L??? D−L
−NH+3 -0.1028 -0.0988 -0.0040
−COO− -0.0172 -0.0175 0.0003
−CH2−OH (??) -0.0040 0.0015 -0.0055
Cα−H -0.0102 -0.0109 0.0007
Cα 0.0075 0.0071 0.0005





−????? 5??HB??????L????? 6??HB?????? (? 4.13)?D?




4.4. ??? PNR?????? Ser????????? 77




?????????? (? 4.13(a))?L????D?????? 7.1 kJ/mol?????
???4G2(D-)N-PNR????????? Ser???????????????????
???????????????? (? 4.14?)??????????????????
? 4.14: ?????? Ser/4G2(D-)N-PNR????????????????????
?????????????.
78 ? 4? ??????????????
? 4.6: ?????? Ser/4G2(D-)N-PNR??????????−??????????
???????. ????????????????????????????????
??.
?????? ·?? ??????????? (hartree)
D??? L??? D−L
−NH2 -0.0167 -0.0058 -0.0109
−COO− -0.0673 -0.1205 0.0532
−CH2−OH (??) 0.0082 -0.0155 0.0237
Cα−H 0.0045 -0.0007 0.0053
Cα -0.0025 -0.0021 -0.0004
?? -0.0737 -0.1447 0.0710





















? (−CH2−COOH)??Ala?? Ser????????????????????? [1]?
pH< 1.99??????????????? (−COOH)?????? (−CH2−COOH)?
4.5. ??? PNR??????Asp????????? 79
? 4.15: ??? pH????Asp???????????.
??????????? (−NH+3 )??????????? Asp?+1????????
??pH=1.99 ∼ 3.90???????????????????? (−COO−)?????
? (−CH2−COOH)???????????? (−NH+3 )????Asp?????????
pH=3.90 ∼ 9.90???????????????????? (−COO−)???????





????????? Asp???? PNR?????????????D????? L
????? 6?? HB?????? (? 4.16)?D?????????????????
(−NH+3 )????????????????? 3??HB???? (D1∼D3)?????
?????? (−COOH)????? 2?????????????O????????
?? 2??HB????? (D5??D6)??????????? (−CH2−COOH)???
?????? 1??HB????? (D4)?L????????????????????
?????????????? 3??HB???? (L1∼L3)?????????????
??????? HB????? (L4)???????????????????? 2??
HB????? (L5?? L6)?D?? L??????????????????????
????????




????????? (? 4.17?)???????? L????????????????
????????????????????????????????????????
???????? (? 4.7)????????????????????????????
80 ? 4? ??????????????




4.5. ??? PNR??????Asp????????? 81
? 4.7: ????? Asp/4G2(D-)N-PNR??????????−??????????
???????. ????????????????????????????????
??.
?????? ·?? ??????????? (hartree)
D??? L??? D−L
−NH+3 -0.1222 -0.1454 0.0232
−COOH -0.0121 -0.0207 0.0086
−CH2−COOH (??) -0.0038 -0.0092 0.0054
Cα−H -0.0134 -0.0192 0.0058
Cα 0.0068 0.0106 -0.0038








???Asp(????)???? PNR?????????? (? 4.18)?D????? 7
??HB??????L????? 6??HB???????D???????????
Asp??????????????????? (−NH+3 )? 3??HB???? (D1∼D3)?
???????????????? (−COO−)? 2??HB????? (D6??D7)??
????????????? 2??HB??????? (D4??D5)?L????????
???Asp??????????????????? (−NH+3 )? 3??HB? (L1∼L3)?
???????????????? (−COO−)? 1??HB? (L4)???? 2??HB?
???? (L5?? L6)?D?? L?????????????????????????
?????









82 ? 4? ??????????????




4.5. ??? PNR??????Asp????????? 83
? 4.8: Asp/4G2(D-)N-PNR??????????−????????????????
?. ??????????????????????????????????.
?????? ·?? ??????????? (hartree)
D??? L??? D−L
−NH+3 -0.0994 -0.1252 0.0258
−COO− -0.0302 -0.0051 -0.0251
−CH2−COOH (??) -0.0224 -0.0068 -0.0155
Cα−H -0.0083 -0.0155 0.0072
Cα 0.0040 0.0097 -0.0056
?? -0.1562 -0.1430 -0.0132







??????L????? 5?? HB?????? (? 4.20(a))?D?????????
???????? (−NH+3 )?????????????????? 3?? HB????























4.5. ??? PNR??????Asp????????? 85
? 4.9: ?????? Asp/4G2(D-)N-PNR??????????−?????????
????????. ???????????????????????????????
???.
?????? ·?? ??????????? (hartree)
D??? L??? D−L
−NH+3 -0.0871 -0.0858 -0.0013
−COO− -0.0254 -0.0322 0.0068
−CH2−COO− (??) 0.0063 0.0155 -0.0091
Cα−H -0.0082 -0.0055 -0.0027
Cα 0.0043 0.0040 0.0003
?? -0.1101 -0.1041 -0.0059
? 4.22: (a) ????????Asp/4G2(D-)N-PNR????????????????.
(b) HB????????.










??????????? 2??HB?????? (L1?? L2)????????????
??????HB????????????????????????????????
2??HB????? (L3?? L4)?


















?????? ·?? ??????????? (hartree)
D??? L??? D−L
−NH2 -0.0105 -0.0056 -0.0049
−COO− -0.0188 -0.0020 -0.0168
−CH2−COO− (??) -0.0265 -0.0201 -0.0064
Cα−H -0.0029 -0.0047 0.0018
Cα 0.0014 0.0035 -0.0021
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